Evaluation of apoptosis by flow cytometry is generally accomplished by methods that use annexin V-FITC as vital dye, which access phosphatidylserine exposed on the external membrane at the beginning of this process. In addition, the concomitant use of propidium iodide makes possible to verify the characteristic nuclear alterations in the late stages of apoptosis, as a consequence of the increase in membrane permeability. On the other hand, the use of calcein-AM in association with ethidium homodimer (EthD-1) allows the evaluation of cell apoptosis through detection of esterase activity and cellular membrane physical and chemical alterations. The aim of this study was to compare the sensibility of calcein-AM and EthD-1 with annexin V-FITC and propidium iodide for early apoptosis evaluation in peripheral blood mononuclear cell culture, obtained from HIV-infected patients. Apoptosis and cellular viability were detected and quantified by flow cytometry after 24 and 48 hours incubation times. Our results showed that calcein-AM/EthD-1 was more sensitive for apoptotic cell quantification in both incubation times than annexin V-FITC/propidium iodide (mean of 46.95% ± 3.56, p < 0.0001, for 24 hours and mean of 37.67% ± 2.47, p < 0.0014 for 48 hours), besides allowing to clearly define viable, apoptotic and dead cell populations. Key-Words: Apoptosis, flow cytometry, annexin V, propidium iodide, calcein-AM, ethidium homodimer. Abbreviations: Calcein-AM, calcein acetoxymethyl ester; EthD-1, ethidium homodimer; FITC, fluorescein isothiocyanate.
Programmed cell death or apoptosis is histologically characterized by chromatin condensation, internucleosomal cleavage of genomic DNA, plasma membrane blebbing, and fragmentation into apoptotic bodies [1, 2] .
Apoptosis plays a complementary but opposite role in cell division as a homeostatic mechanism in the morphogenesis and normal tissue reconstruction [3, 4] . Equally, this process is important for removing damaged, infected or potentially neoplasic cells [5] . However, both too little and too much apoptotic cell death can lead to adverse biological consequences [6, 7] . Rheumatoid arthritis and different cancer types are the best examples for too little apoptosis. Ischemic heart disease, AIDS and neurodegenerative diseases such as Alzheimer's and Parkinson's are the best examples for too much apoptosis [8, 9] .
Precise analysis and reliable quantification of apoptotic cells are possible through cytofluorimetric approaches, taking advantages of the multiple cellular alterations occurring during apoptosis [10, 11] . For example, the reduction in cell volume and increase in cell granularity of apoptotic cells modify their light scattering properties, i.e. the forward scatter (FSC) and side scatter (SSC) parameters respectively [12] .
Annexin V was shown to be useful for detection of apoptotic cells because of its binding affinity for negatively charged phospholipids like phosphatidylserine, exposed at the beginning of apoptotic process [13] [14] [15] . The conjugation between fluorescein isothiocyanate (FITC) and annexin V allows identifying and quantifying the apoptotic cells by flow cytometry [13, 16] . Therefore, the concomitant use of the nuclear fluorescent dye propidium iodide (PI) makes possible to verify the nuclear alterations, characteristic of the late stages of the apoptosis [17] . Such property is due to the fact that high molecular weight DNA binding dyes, such as propidium iodide, can not enter intact cell because of their large size and can not either stain apoptotic cells without permeability alterations in plasma membrane, which happen in the final stages of apoptosis. Thus, using flow cytometry, annexin V-FITC allows detecting the initial apoptosis stages, while the propidium iodide allows evaluating the final moments of this cellular death process [16] .
The acetoxymethyl ester of calcein is a lipid-soluble fluorogenic diester that passively crosses the cell membrane in an electrically neutral form, when then it is converted by intracellular esterases, which are active only in entire cells, into the negatively charged, green fluorescent calcein [18] . When plasma membrane becomes compromised, esterase activity ceases and ethidium homodimer (EthD-1) can react with nucleic acids, producing red fluorescence [19] . Thus, calcein-AM allows determination of cellular viability through esterase activity decrease, while EthD-1 allows verifying the physical and chemical alterations in the cellular membrane, with elevation of 40 times in its fluorescence when associated to nucleic acids. In previous studies, calcein-AM proved to be specific and sensitive for detection and tracking of apoptosis in living cells, as PC 12 and NIH3T3 [19, 20] . Considering the fact that these studies were performed with adherent cells and did not include mononuclear cells, such as lymphocytes, the present study compared the performances of calcein-AM and ethidium homodimer (EthD-1) on apoptosis and cellular viability quantification and detection from peripheral blood mononuclear HIV-infected cells, maintained in RPMI1640 during 24 and 48 hours, with annexin V-FITC and propidium iodide, which is widely employed in cytometry as an early marker for apoptosis.
Material and Methods

Blood Samples
Cellular viability and apoptosis of mononuclear cells were simultaneously evaluated in blood samples from 50 HIVinfected patients who are routinely assisted at the Hospital of the Federal University of Santa Catarina and submitted to antiretroviral therapy. After signing the informed consent, patients who accepted to participate in this study were submitted to additional peripheral blood sample collection (50 mL) by antecubital puncture with a heparinized tube (sodic heparin), using vacuous system. Selection of patients was conditioned to the absence of opportunistic infections. This study was previously approved by Ethics Committee for Human Research of the Federal University of Santa Catarina (UFSC-protocol 163/2003).
Mononuclear Cells Isolation
The mononuclear cells were separated by density gradient utilizing Ficoll-Hypaque (density 1077) (Sigma Chemical Company, Saint Louis, USA). After blood centrifugation at 1,500 rpm (378 g) for 15 minutes; the formed layer of white globules between the plasma and the red cells was removed and resuspended in 8 mL of phosphate buffered saline 0.01M (PBS), pH 7.4. The cell suspension containing leucocytes and red globules was gently transferred to another tube with 2.5 mL of Ficoll-Paque and centrifuged at 1,500 rpm (378 g). The formed cell layer between PBS and Ficoll-Paque was collected and washed twice in PBS, pH 7.4. Mononuclear cells were resuspended and the cell suspension was adjusted to a concentration of 5 X 10 5 cells/mL in RPMI 1640 medium with 25 mM HEPES and 2 mM L-glutamine (Sigma Chemical Company, Saint Louis, USA), supplemented with 10% heatinactivated fetal calf serum (Sigma Chemical Company, Saint Louis, U.S.A.), 10 UI/mL penicillin, 10 µg/mL streptomycin and 5 µL amphotericin B.
Mononuclear Cells Maintenance
Mononuclear cells (5 X 10 5 ) were kept in 2.0 mL of RPMI 1640 medium with 25 mM HEPES and 2 mM L-glutamine (Sigma Chemical Company, Saint Louis, USA), supplemented with 10% heat-inactivated fetal calf serum (Sigma Chemical Company, Saint Louis, USA), 10 UI/mL penicillin, 10 µg/mL streptomycin and 5 µL amphotericin B. From the 50 blood samples obtained, 25 were kept as described during 24 hours, while the other 25 samples were kept during 48 hours, both at 37°C in a 5% CO 2 atmosphere.
Lymphocytes Viability and Apoptosis Detection Assays
The determination of viable and apoptotic lymphocytes was performed using the Annexin V-FITC apoptosis detection kit [containing annexin V-FITC, propidium iodide and buffer (SIGMA Chemical Co. Saint Louis, MILLSTONE, USA)] and Live/Dead viability and cytotoxicity detection kit (L-3224), containing calcein-AM and ethidium homodimer-1 (Molecular Probes Incorporation, Eugene, Oregon, USA). The lymphocytes viability and apoptosis were determined by FACSCallibur (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA) flow cytometer, through the CELLQuest and PAINT-A-GATE programs.
Statistical Analysis
Statistical analysis was based on paired t tests for comparison between the mean rates obtained, which studied the effect of the marker type on viable and apoptotic lymphocytes classification after 24 and 48 hours of incubation. p<0.05 was considered significant using the softwares SAS® System and Statistica® 6.0.
Results
Mononuclear Cells Acquisition
After mononuclear cells acquisition by FACSCallibur flow cytometer (Becton Dickinson. USA), through CELLQuest ( Figure 1 ) and PAINT-A-GATE (Figure 2 ) programs, cells were selected according to their volume and granularity. Thus, the larger mononuclear cells as monocytes, and granulocytes, which were not separated by Ficoll-Paque, could be excluded.
The CELLQuest program allows distinguishing three different lymphocyte groups (Figures 3 and 4) . On the other hand, the PAINT-A-GATE program allows distinguishing three different lymphocyte groups, which were selected and colored. Therefore, the analyses through Annexin V-FITC apoptosis detection kit by PAINT-A-GATE program showed that lymphocytes strongly stained with annexin, located on the right medial region, corresponded to apoptotic cells. Lymphocytes strongly stained with propidium iodide, located on the right higher region, corresponded to death cells. Finally, lymphocytes not stained with annexin or propidium iodide, located on the lower left region, corresponded to viable cells ( Figure 5 ).
Analyses through Live/Dead viability and cytotoxicity detection kit by PAINT-A-GATE program showed that lymphocytes strongly stained with calcein, located on the lower right region, corresponded to viable cells. Lymphocytes strongly stained with ethidium homodimer, located on the higher region, corresponded to death cells. Finally, lymphocytes weakly stained with calcein and propidium iodide, located on the medial region, corresponded to apoptotic cells ( Figure 6) . Therefore, the rates of each lymphocyte group were determined and the mean percentage values were calculated. After 48 hours of incubation, the Pearson's correlation coefficients demonstrated that viability and apoptotic cellular levels, obtained by the calcein-AM/ethidium homodimer staining after 48 hours, presented significant correlations among the levels of viable (r = 0.9557; p<0.001) and apoptotic lymphocytes (r = 0.9160, p<0.001) obtained by the annexin V-FITC/propidium iodide staining after 48 hours of incubation.
Quantification of Viable and Apoptotic Lymphocytes After 24 Hours of Incubation
The determination of cellular viability levels after 24 hours of incubation did not demonstrate significant difference (p = 0.6284) among the mean viable lymphocyte rates, obtained by annexin V-FITC/PI (40.51% ± 3.95) and calcein-AM/EthD-1 (39.87% ± 4.22) (Figure 7 ). The evaluation of apoptosis levels after 24 hours of incubation demonstrated that the mean apoptotic lymphocyte rates obtained by calcein-AM/EthD-1 (46.95% ± 3.65) were statistically superior (p<0.0001) when compared to the values obtained by annexin V-FITC/PI (42.31% ± 3.24) (Figure 8 ).
Quantification of Viable and Apoptotic Lymphocytes After 48 Hours of Incubation
The determination of cellular viability levels after 48 hours of incubation did not demonstrate significant difference (p = 0.4290) among the mean viable lymphocyte rates, obtained by annexin V-FITC/PI (40.24% ± 4.06) and calcein-AM/EthD-1 (41.22% ± 4.10) (Figure 9 ).
The determination of apoptotic levels after 48 hours of incubation time demonstrated that the mean percentage values of apoptotic lymphocyte rates obtained by calcein-AM/EthD-1 (37.67% ± 2.47) were statistically superior (p = 0.0014) when compared to the values obtained by annexin V-FITC/PI (33.83% ± 2.65) (Figure 10 ). 
Discussion
Apoptosis can be differentiated from necrosis through the observation of certain morphologic alterations, which are different and peculiar to each cellular death process [17] . Whereas shrinkage of the cytoplasm, chromatin condensation, membrane blebbing and formation of apoptotic bodies characterize apoptosis; the cellular swelling and karyolysis typically occur in necrosis [21] . Besides, metabolic derangements of necrosis lead to osmotic lesions of cell membrane which are, instead, substantially unaffected by apoptotic process [20] .
The abnormal and disordered regulation of apoptosis can be involved in the pathogenesis of several disorders, like cerebral and myocardial ischemia, autoimmune and neurodegenerative diseases, organ and bone marrow transplant rejections, or viral infections, including HIV infection [22] .
Although the exact role of apoptosis during HIV infection remains to be defined, growing evidences suggest that apoptosis is a major contributor for the depletion of the CD4+ lymphocytes in vivo [23] [24] [25] [26] . The recent recognition that programmed cell death is an important feature of CD4+ T cells depletion during HIV infection stimulates the viability verification of assays thoroughly employed on mononuclear apoptosis quantification [27] .
The phosphatidylserine exposure on the surface of apoptotic cells is a general apoptosis feature occurring before membrane bleb formation and internucleosomal DNA cleavage [28, 29] . Annexin V-FITC is presently employed in evaluation and quantification of cellular apoptosis by flow cytometry due to its specific bind to phosphatidylserine residues [14, 15, 30] . Thus, viable cells are classified as annexin V negative, while the apoptotic cells are annexin V positive [31] . In addition, the concomitant uses of nuclear fluorescent dye propidium iodide makes possible to verify the characteristic nuclear alterations of the late apoptosis stages, since the membrane permeability increases.
The progressive increase of plasma membrane permeability, on the other hand, comes as a typical morphologic alteration of late apoptotic or death cells [32] . This permeability increase allows the entrance and permanence of toxins in the cytoplasm, which in turn, promote the intracellular esterasic activity decrease. Therefore, the intracellular esterasic activity levels could be used both as a probe of viability and plasma membrane competence and as an indicator of the cellular functionality [20] .
The analysis of the cellular death processes by flow cytometry performed in the present study turned possible the accurate quantitative detection of viable cellular populations and apoptotic cells (Figures 1 and 2) . Thus, through CELLQuest and PAINT-A-GATE programs, lymphocytes were differentiated and acquired according to their size (forward scatter-FSC) and granularity (side scatter -SSC) (Figures 3-6 ). As expected, the mean apoptosis rates both after 24 and 48 hours were significantly superior when the cells were treated with calcein-AM and ethidium homodimer (Figures 8 and 10 ). On the other hand, the mean viable cell rates were not significantly different between calcein-AM/ethidium homodimer and annexin V-FITC/propidium iodide treatments for both incubation periods.
As could be observed by apoptosis levels demonstrated by the annexin V-FITC (mean of 42.31% ± 3.24 after 24 hours; Mean of 33.83% ± 2.65 after 48 hours), the mononuclear cells, as well as other cell lineages previously determined by this marker [4, 33] , equally exhibit phosphatidylserine residues in the outer leaflet of the plasma membrane lipid bilayer. However, the results demonstrated that the method that uses annexin V-FITC and propidium iodide was less sensitive for evaluation and quantification of apoptotic mononuclear cells when compared to calcein-AM and ethidium homodimer markers in HIV infection.
Previous studies showed that cells of a same cellular lineage can undergo apoptosis without demonstrating the concomitant phosphatidylserine translocation [34, 35] . It appears unlikely that phospholipids asymmetry, if lost at the very beginning of the process, could be restored later, because of the depletion of energetic resources occurring in the late stages of apoptosis. Thus, it is more conceivable that between the studied apoptotic cells, some of them have not presented phosphatidylserine translocation, and consequently, could not be stained by the annexin V-FITC.
The reduced sensibility of this marker when compared to calcein-AM could be yet related to the fact that the phosphatidylserine translocation, which forms the basis for apoptosis detection by annexin V-FITC, can occur in necrotic cells also [30, 36] . Moreover, even if phosphatidylserine translocation do not occur during necrosis, loss of plasma membrane integrity, which characterizes necrosis, can allow easy access of the detection reagent to the membrane interior resulting in false positive staining [27] .
Besides, Lecoeur & Gougeon [32] demonstrated that the mean apoptosis rates observed on HIV-infected lymphocytes quantified by iodide were underestimated due to the granulocytes interference in the propidium iodide-dependent apoptosis assay. This interference is due to the enrichment of granulocytes associated to HIV infection, observed in the mononuclear cells composition following Ficoll-Paque isolation.
In fact, the positive or negative interference of granulocytes in propidium iodide-dependent apoptosis assay depends on the propensity of these cells to undergo spontaneous apoptosis following short term-culture [37] . During HIV infection, both eosinophils and neutrophils might be involved in apoptosis process, promoting the lymphocytes apoptosis rate reduction [32] . Thus, the uses of annexin V-FITC and propidium iodide present limitations that could supply biases in apoptosis determination and quantification which, in turn, must be considered during the choice of sensitive methodologies to evaluate this cellular death process.
A previous study in different adherent cells, as PC 12 and NIH3T3, demonstrated that acetoxymethyl ester of calcein (calcein-AM) and ethidium homodimer (EthD-1) were more sensitive in earlier detection of apoptosis when compared to annexin V-FITC/propidium iodide [35] . In fact, the present study demonstrated that calcein-AM/ethidium homodimer was equally useful and more sensitive in mononuclear cell apoptosis quantification, when compared to annexin V-FITC/propidium iodide; besides allowing clarity when defining the viable and apoptotic lymphocyte populations.
Such verifications results from calcein-AM inherent characteristics, which provides morphological evidences of chromatin condensation and segregation in blebs [38] . However, this marker is quickly liberated from the cellular cytoplasm as the plasma membrane becomes committed, even in the presence of residual intracellular esterase activity [20] .
On the other hand, functional information regarding plasma membrane competence and dead cells can be obtained through ethidium homodimer, which accumulates in DNA fragments of damaged plasma membrane cells, but could not penetrate in the entire plasma membrane cells [39] .
In the present study, the viability and apoptosis levels of mononuclear cells obtained by calcein-AM/ethidium homodimer demonstrated significant correlations among the levels of the same cellular groups obtained by annexin V-FITC/propidium iodide, after 24 and 48 hours of incubation. This verification validates the hypothesis that both markers allow evaluating the viability and apoptosis of T lymphocytes in a similar way, although their sensibilities in apoptotic cells quantification were different.
The growing recognition of apoptosis as an important pathogenic characteristic of several disorders, including HIV infection progression, has been increasing further than the burgeoning interest in apoptosis research. Although it is clear that apoptosis exacerbation or its inhibition is involved in disease symptoms, there is much room for intensive research to arrive at a deeper understanding. Therefore, techniques that allow for accurate and quantitative detection of apoptosis need constant evaluations and improvement.
